We study wave propagation in a recently developed model, which reproduces geometry and fiber orientation in the right and left ventricles of the human heart. The cardiac tissue is represented using the previously developed γ-ionic model for human ventricular tissue using a spatial resolution of 0.5mm. We simulate three dimensional reentrant behavior resulting from a single vortex located in the free wall of the right, left ventricle and in the interventricular septum. We found that single reentrant scroll waves can generate V-shaped collision areas and in some cases, epicardial breakthrough patterns. The simulated ECGs of single spiral waves show similarities with monomorphic and polymorphic ventricular tachycardia, depending on the location of the reentrant sources. We model complex activation patterns resembling ventricular fibrillation by simulating the effects of an ATP-sensitive potassium channel opener and find that VF is, in that case, organized by a small number of vortices.
Introduction
Cardiac contraction is regulated by electrical waves of excitation propagating through myocardium. Abnormal propagation of excitation can result in life-threatening cardiac arrhythmias. Reentrant wave patterns, which occur as a result of recirculation of excitation along closed anatomical paths, or as spiral waves in thin slices of cardiac tissue [Allesie et al., 1973 , Davidenko et al., 1991 , or as scroll waves in three-dimensional slabs of myocardium [Frazier et al., 1989 , Janse, 1998 , are among the most important mechanisms underlying the onset of of cardiac arrhythmias and fibrillation [Janse, 1998 , Winfree, 1994 , Witkowski et al., 1998 . The theoretical study of reentry in 3D slabs of cardiac tissue is a wide area of investigation which includes analytical approaches and numerical studies focused on vast majority of questions ranging from general topology of such wave patterns [Winfree and Strogatz, 1984 , Pertsov et al.,2000 , Clayton and Holden, 2002 ] to their dynamical properties in homogeneous [Qu et al.,1999] , anisotropic [Pollard et al., 1993 , Panfilov and Keener, 1995b , Fenton and Karma, 1998 ] and heterogeneous media [Clayton and Holden, 2001] . The next step in the study of 3D wave propagation in cardiac tissue, is whole heart modeling using realistic cardiac geometry and anisotropy. The complex architecture of the heart can influence the dynamical behavior of reentrant waves and bring new topological features to light, that cannot be observed in small or thin slabs of cardiac tissue. Until now, simulation studies in whole heart models have mainly been performed using anatomical models of the canine heart, developed by several groups [Nielson et al., 1991] and using low-dimensional FitzHugh-Nagumo equations to repre-sent the excitable dynamics of cardiac tissue Keener, 1995a, Panfilov, 1999] . Recently, anatomical data of the geometry and fiber orientation in the human ventricles was gathered and computerized by Hren [1996] . Based on this data an electrophysiological model of the human ventricles was setup [Bernus et al., 2002d] . Here we use this model to perform some initial studies on basic dynamics of reentrant sources in the human ventricles.
Methods

Model of cardiac tissue
To represent the excitable dynamics of cardiac tissue, we used a γ-ionic model of human ventricular tissue developed by Bernus et al. [2002b] , given by following equation for the membrane voltage V m :
where C m denotes the cellular capacitance and I ion the sum of the transmembrane currents, having their own kinetics (see [Bernus et al., 2002b] for equations). We used γ 0 ¡ 0¥ 3 and changed the conductances of I Ca , I K and I K1 to 0.048 nS/pF, 0.05 and 5.5 nS/pF respectively, in order to have action potential durations of about 270 ms, like reported by Morgan et al. [1992] . All other parameter values are the same as in [Bernus et al., 2002a] . Figure 1 shows an action potential (AP) for these parameter values and a action potential duration (APD) restitution curve compared to the data obtained by Morgan et al. [1992] . The APD restitution curve was obtained by an S1-S2 protocol on a single cell, consisting of 10 S1-stimuli at 1-Hz frequency and an extra stimulus delivered at some diastolic interval (DI) after the last S1 AP.
The tissue anisotropy is determined by the conductivity tensor d i j . We assume that transverse coupling is the same in all angular directions orthogonal to the fiber axis. Then, the conductivity tensor is given by
where d 1 and d 2 are coupling coefficients in the longitudinal and transverse fiber directions, respectively, and α is a unit vector pointing in the direction of fiber orientation. We chose a ratio of 3:1 for the anisotropy of velocity of propagating action potentials in the human ventricles. Hence, d 1 d 2 = 9, where d 1 =180 Ωcm, yielding longitudinal velocities of 70 cm/s, like reported in [Jongsma and Wilders, 2000] .
The geometry and fiber orientation data were stored into a three-dimensional regular 217x217x217 grid with 0.5 mm physical distance between grid points. Note that the model (1) showed 90% accuracy with respect to the saturated value of wave propagation velocity at such space discretization level [Bernus et al., 2002b] .
Normal wave propagation in the anatomical model of the human ventricles was validated by Hren [1996] against experimental data obtained by Durrer et al. and Wyndham et al. [Durrer et al., 1970 , Wyndham et al., 1979a , Wyndham et al., 1979b , Wyndham et al., 1980 . Hren used a hybrid model consisting of a PDE for propagation and a cellular automaton for the AP shape and simulated normal activation by simultaneous stimulation of the 5 sites of early activation in the human ventricles, as measured by Durrer et al. [1970] . Hren [1996] observed quantitative similar activation patterns as Durrer et al. [1970] , with epicardial breakthroughs occurring at the same locations and timing and the ventricles being fully activated within 100 ms. We performed the same simulation with the model of ventricular cells as described above and obtained activation patterns which showed almost no difference with Hren's data (data not shown). We therefore believe the model to be accurate with respect to normal propagation in the ventricles.
Numerical approach
To integrate Eq.(1) we used the operator splitting method to split the first equation of (1) into an ordinary differential equation (ODE) for the reaction part (transmembrane currents) and a partial differential equation (PDE) for anisotropic diffusion. For the ODE we used a time-adaptive forward Euler scheme with two possible time steps ∆t min ¡ 0¥ 01 ms and ∆t max ¡ 0¥ 04 ms. In this scheme, for each point of the heart the ODE is solved with ∆t max ; if dV m dt 1 V/s we move on to the next point, otherwise we integrate the ODE at that point 4 times with ∆t min from its initial value.
For the integration of the PDE we need to evaluate at each point the term
Physically this term gives the transmembrane current as a divergence of the "axial" current (i.e. the lumped current in the intracellular and extracellular space). We also need to evaluate this term at the boundary, where we impose the no-flux (no-"axial" current) conditions. To achieve this we calculate the "axial" current from each neighbor at at each point § i¡ j¡ k © using Ohm's law as I i
V m , keeping in mind that for boundary points some of the inputs will be zero. We then evaluate the divergence of this current. As a result we obtain a discretization:
where l is an index running over the neighbors of the point § i¡ j¡ k © , the point itself included and w l are the computed weights of each neighbor. Note that in our representation, the boundary conditions are handled automatically, i.e. if a neighbor l of a point is situated outside the heart, it will get a weight w l zero and will not affect the wave propagation. Computed weight for each heart point are stored in an array and evaluation of term (3) is performed in a very efficient way, just as a matrix product.
We initiated a scroll wave an S1-S2 protocol, with the S2 stimulus applied in the refractory tail of the S1 wave. Stimulus currents lasted for 2 (S1) and 3 ms (S2), and their strength was two times threshold for both. The electrograms were obtained by calculating the dipole source density of the membrane potential V m in each element, assuming an infinite volume conductor [Plonsey and Barr, 1988] , using following equation:
where ¤ r is the vector pointing from the electrode to a heart point. We placed our recording electrode at 10 cm from the center of the ventricles, in the transverse plane. To obtain Fourier transforms we used the Welch data windowing method.
All simulations were coded in C++ and were performed on a Dell 530 Precision Workstation (dual Pentium IV 2 Ghz). We used OpenGl for the visualization of the heart and wave patterns. Some computations were performed on a SGI cluster "Teras" at SARA computing center in Amsterdam.
Results
In our first simulation we generated a single scroll wave in the right ventricular wall, using the S1-S2 protocol. Figures 2A-2C show the different stages in the formation of the reentrant pattern. First, the S1-stimulus was applied in the posterior part of the right ventricle ( Fig. 2A) . Then we applied a S2-stimulus to the refractory tail of the S1-wave, in order to obtain a vast area of unidirectional block at a predefined site in the right lateral ventricular wall, parallel to the S1 waveback and with the base of the ventricles as a boundary (Fig. 2B) . We see, that the S2-wave "curled" around this area of unidirectional block and formed a scroll wave in the right lateral ventricular wall (Fig. 2C) . We generated epicardial activation maps of this reentrant source from recordings of the arrival time of the wavefront in each point of the ventricles, during a time window of 200 ms (which is about the vortex rotational period). Figure 3A shows a right lateral view of epicardial activation. We see a reentrant source located in the free wall of the right ventricle close to apex of the heart. The surface activation pattern has the shape of a spiral wave indicating that the source of excitation is a scroll wave. On the opposite side we see a typical V-shaped collision pattern (Fig. 3B) . The ECG of this reentrant source shows a regular frequency of 4.5 Hz, with variations in amplitude and shape, typical of polymorphic ventricular tachycardia (Fig. 4) . These amplitude variations are due to the meandering of the scroll filament within the ventricular wall [Bernus et al., 2002a , Bernus et al., 2002b .
In the next simulation we moved the stimulating electrodes to the septal region in order to initiate a vortex within the ventricular septum. We delivered an S1-stimulus in the anterior paraseptal region below the ridge-like structure around the pulmonary and mitral valve (Fig. 5A) . The S1-wave propagated via the septum and the ventricular walls to the posterior side. We applied an S2-stimulus in the refractory tail of this wave, when it was halfway the anterior and posterior paraseptal regions (Fig.  5B ). Just as in the previous simulation, a reentrant source formed and started activating the ventricles in a stable manner (Fig. 5C ). The epicardial activation map, obtained in the same way as in Fig. 3 , displays a new feature: epicardial breakthrough patterns in the paraseptal region (Fig. 6A) . These are the result of the waves emanated by the vortex in the septum, emerging on the epicardial surface. An activation pattern of the septum is also shown in a cross-section in Fig. 6B . The reentrant source was located near the anterior paraseptal region and the septal surface shows a spiral wave shaped activation pattern, indicating the presence of a 3D scroll wave. It showed almost no meandering, which could explain the more regular ECG, which resembles monomorphic tachycardia. The period of this source was about 215 ms, which is the same as for the vortex in the RV.
By applying an S1-stimulus at the posterior side of the ventricles (Fig. 8A ) and an S2-stimulus in the left lateral ventricular wall (Fig. 8B) , we obtained a vortex in the left ventricular wall (Fig. 8C) . This reentrant source showed however a complex drifting behavior and disappeared completely after a few rotations. Figure 9 shows the ECG, where the return to the quiescent state after 4 rotations can be seen.
In order to investigate the complex activation patterns during VF, we simulated the effects of an ATP-sensitive potassium channel opener (e.g. cromakalim) by increasing the extracellular potassium concentration to 5.4 mM and the conductances g K and g K1 to 0.04 and 7.75 nS/pF respectively. We repeated the stimulation protocol used in the first simulation (Fig. 10A-10B ) and obtained an unstable vortex that broke down at several places, creating a complex activation pattern consisting of multiple wavelets (Fig. 10C) . We showed in [Bernus et al., 2002c] that this breakup was due to a steep restitution over a large interval of DIs. After a few rotations breakup of the vortex occurred near the organizing center in the right ventricular wall and as much as 6 daughter vortices are created by this process (Fig. 11A) . After 3 s the number of vortices has been reduced to 3 (by coalescing spirals and collision with base). At that time 1 vortex was located in the paraseptal region of the left ventricular wall (Fig. 11C ) and the two others were in the right lateral wall (Fig. 11B) . Further wave breaks were unsuccessful in creating new vortices, as the free ends rapidly coalesced, but the vortices showed irregular meandering dynamics and activated the ventricles in a complex way. The ECG signal computed for that case is shown in Fig.12A . We see rapid changes of QRS morphology and amplitude of the signal, which are typical of clinical ECGs of VF. Fig. 12B shows the Fourier transform of the ECG. We see a well defined peak at approximately 180 ms. This is similar to the recordings observed in clinical studies by [Clayton et al., 1995 ].
Discussion
In this paper we generated single and multiple reentrant activity by S1-S2 stimulation protocols at different locations in an anatomical model of the human ventricles.
We showed that single scroll waves can generate several features on the epicardial surface, such as V-shaped collision areas which were observed in theoretical [Panfilov, 1997] and experimental studies as well ]. When the source of excitation was located in the ventricular septum, we observed epicardial breakthroughs and no spiral patterns on the surface. These differences in activation patterns (V-shaped and breakthroughs) are general topological properties of the heart and can be potentially used to identify the location of the source of excitation in the heart, which is important for many clinical applications, e.g. for ablation of cardiac arrhythmias.
Single scroll waves have been associated with monomorphic ventricular tachycardia during which the heart is activated in a regular way, but at a high rate. Some simulations have shown that polymorphic ventricular tachycardia or Torsades de Pointes could be the result of drifting or hypermeandering scrolls in the ventricular wall [Winfree, 1989 , Gray et al., 1995 . Our simulation results support this idea as we see that ECG becomes more irregular when the meandering of spiral wave becomes more pronounced.
We were able to obtain VF by changing the electrophysiological properties of the ventricular tissue when simulating the effects of ATP-sensitive potassium channel openers. Our results show that during this complex activation only a small number of reentrant sources (from 3 to 6) are present in the ventricles, which supports experimental observations ]. The ECG and its Fourier transform with a well defined peak are also closely related to recordings from patients [Clayton et al., 1995 ]. Note, however, that the mechanism responsible for the onset of VF in the human heart under normal conditions remains unknown. In our case single spiral waves did not spontaneously deteriorate into VF, when the properties of the tissue were normal.
The main limitations of the model developed by Bernus et al. [2002b] is the lack of regulation of intracellular ionic concentrations. For example, Ca 2 -dynamics within the cell can have an influence on the restitution properties and the stability of reentrant sources [Chudin et al., 1999] . We however showed in [Bernus et al., 2002a] that the model was accurate with respect to action potential shape, action potential duration restitution and conduction velocity restitution. We therefore believe that our approach is a good tradeof between electrophysiological accuracy and computational costs. [Morgan et al., 1992] . 
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